posterior thalamus (Ergenzinger et al., 1998). This raises the possibility that cortical feedback influences thalamic response tuning in the somatosensory system as well, acting via projections to subthalamic or, alternatively, thalamic processing centers. interneurons, enabling direct assessment of CT effects systems, wherein cortical modulation has been reported on TC cell responses. Individual thalamocortical/cortiat both subthalamic and thalamic levels. In the somatocothalamic loops are readily identifiable anatomically sensory system, a recent study has shown that chronic and/or electrophysiologically, providing an excellent exand acute suppression of activity within the entire hand perimental model for assessing whether and how the representation of monkey primary somatosensory corspatial focus of thalamic responses depends on the finetex leads to an enlargement of hand RFs in the ventrograined topographic organization of the thalamocortical system. Using reversible pharmacological enhancement of
layer VI neuronal activity within a single whisker-related occurring within a period of ‫03ف‬ ms following deflection onset; with cortical BMI application, this response incortical column, we examined CT effects on principal creased by ‫%56ف‬ ( Figures 2B and 2C ). The enhanced (PW) and adjacent (AW) whisker responses in homoloresponse was followed by a longer, more pronounced gous and adjacent, nonhomologous thalamic barreloids. decrease in unit firing rate compared to the control reSensory-driven CT feedback facilitated responses in hosponse; this decrease is likely mediated by feedback mologous thalamic barreloids and suppressed them in inhibition from Rt. There were no changes in spontanenonhomologous barreloids. Both effects were more proous activity. The concurrent increases in cortical and nounced for thalamic responses to preferred, or PW, thalamic activities during the transient response to stimulation than nonpreferred, AW, stimulation. These whisker deflection indicate that the enhanced thalamic results demonstrate topographic and stimulus-specific response reflects increased excitatory input from the CT effects mediated by direct cortical excitation and cortex due to BMI application. indirect inhibition through Rt, which selectively enhance As in the cortex ( Figures 1E and 1F ), effects of cortical or reduce spatial response tuning in TC neurons.
BMI application on thalamic responses were dose and time dependent. Larger iontophoretic currents and Results longer duration application induced greater increases in thalamic responses in homologous barreloids (FigCortical activity in layer VI, the origin of corticothalamic ures 3A and 3B). Large BMI currents could produce projections, was enhanced within a small region comuncharacteristically vigorous and long-lasting thalamic prising a single whisker-related column by microiontoresponses (e.g., Figure 3A ) or occasionally seizure-like phoretic application of the GABAa antagonist bicuculactivity simultaneously at the cortical ejection site and line methiodide (BMI). The center of the column was first in the thalamus. To avoid this and in an attempt to identified using receptive field mapping by monitoring produce consistent effects across experiments, we activity in layer IV. Then, the microiontophoresis elecused the smallest ejection currents and the shortest trode was advanced into layer VI as determined using durations of microiontophoresis needed to produce a microdrive depth readings and the shape of the stimumeasurable thalamic effect (see Experimental Procelus-evoked local field potential (LFP). Along a perpendicdures). ular penetration from upper layer V to lower layer VI Increased thalamic responsiveness was observed in through a whisker-related column, the LFP changes 13/16 experiments in which BMI effects were assessed characteristically in amplitude and time course ( 
, simultaneously recording the activity at the injection site being accompanied by a 1.6-fold average increase in and at sites in layer VI at a distance of ‫521ف‬ m and MUA at similar latencies ( Figure 4B ; paired t test, p Ͻ ‫052ف‬ m laterally using a second microelectrode (see 0.001). MUA firing increased significantly in 10/13 indi- Figures 1E-1G) . BMI application for 20 min at 15 nA vidual cases (Student's t test, p Ͻ 0.05), with no effect gradually increased the LFP and MUA response at the in the other three. Effects lasted 10-50 ms and could injection site and, at longer latency, 125 m distant. Drug be observed 3.5-9.5 ms after thalamic response onset injection only minimally affected cortical responses at and thus 3.0-9.2 ms following the earliest response in the location 250 m laterally. Similar distance-depenthe cortex; the timing is consistent with the range of dent effects were observed in the vertical direction. Toconduction velocities reported for CT neurons in rat gether, these results indicate that in our conditions BMI (Kelly et al., 2001). Shorter latency increases were injections affect cortical activity within a volume no clearly observed in the thalamic LFP in 2/13 cases (by larger than ‫005ف‬ microns in diameter, corresponding to 20% and 39%, respectively), but in general such early the width of a barrel-related cortical column. changes were too small and inconsistent in sign (i.e., either increases or decreases) to be distinguished reliCorticothalamic Activation Increases PW ably from noise. Spontaneous MUA activities remained Responses in Homologous unchanged. In cortex, BMI enhanced PW-evoked LFPs Thalamic Barreloids ‫-4.2ف‬fold (paired t test, p Ͻ 0.001) and MUA ‫-5.1ف‬fold During cortical BMI application, PW-evoked cortical re-(p Ͻ 0.005). We interpret the findings to mean that sponses were enhanced, as evidenced by increases in BMI application enhanced stimulus-evoked cortical re-LFP amplitude and in MUA magnitude. Concomitantly, sponses, which then, via corticothalamic feedback, fa-LFP and MUA responses in the homologous thalamic cilitated, at slightly longer latency, responses of neurons barreloid were facilitated. In Figure 2A , for example, an in the homologous thalamic barreloid. increase in thalamic activity was evident beginning 5.7
Interestingly, cortical BMI application failed to affect ms after LFP response onset and the increase lasted thalamic activity when the cortical microiontophoresis ‫21ف‬ ms, the period corresponding to the late LFP comelectrode was located in upper layer V (n ϭ 2) or deep to the large septal area between barrel rows C and D (n ϭ ponent. The thalamic multiunit response was transient, specific corticothalamic effects in one experiment by perimental interest was the role of fine-grained anatomical topography in regulating spatial response tuning in ablating descending fibers at the caudal end of the dienthalamocortical circuitry, an issue for which the whisker/ cephalon ( Figure 7) ; this manipulation eliminated potenbarrel system is well suited. We found that effects of tial corticobulbar influences. The lesion had no effect sensory-driven CT feedback are highly specific, conon BMI-induced changes in thalamic activity. Both LFP sisting of enhancement of responses in topographically and MUA responses were enhanced in the homologous aligned barreloids and weak suppression in immediately barreloid and diminished in an adjacent, nonhomoloadjacent, nonaligned barreloids. These functional findgous barreloid (Figures 7B and 7C) and spatially localized increases in cortical excitability, Recording Sites application was halted for 10 min and then reapplied at the next higher increment, to a maximum of 20 nA in all but one early experiCorticothalamic neurons that project to VPm are clustered below barrel centers and at the layer V/VI border (Chmielowska et al., ment where 50 nA were used. Currents of 5-15 nA were usually sufficient to induce reversible and reproducible changes in thalamic 1989). Therefore, we placed the microiontophoresis electrode in the middle/upper half of layer VI, as close as possible to the center of activity. Data were discarded in the few cases where local seizurelike activity occurred with these longer times/higher currents, typithe desired barrel-related column. In order to identify the center of a barrel, we oriented the micromanipulator perpendicular to the pial cally simultaneously in both cortex and thalamus. We found that, upon cessation of drug application, cortical activity returned to presurface and carefully mapped cortical layer IV using stainless steel microelectrodes (1-6 Mohms, Frederick Haer). After a barrel center drug levels within 10-20 min, whereas thalamic activity recovered to near-control levels within 30-40 min. We injected BMI no more was identified, the microiontophoresis electrode (see below) was inserted at this location and advanced slowly with a stepping hythan 3-6 times during an experiment. Experiments were terminated if cortical or thalamic activity levels did not return to control values draulic microdrive to layer VI using microdrive readings as a preliminary indicator of cortical depth. Electrode depth was adjusted as following 1 hr of recovery after a drug injection session. needed on the basis of the shape of the stimulus-evoked local field potential (see Figure 1B) . The homologous thalamic barreloid was Electrophysiological Recordings then identified using multiunit recordings and the known topography Simultaneous MUA and LFP recordings were obtained in both thalaof the thalamic whisker representation. mus and cortex, using low impedance (400 k⍀ to 1 M⍀) stainless At the end of the recording session, small electrolytic lesions were steel microelectrodes (Frederick Haer, Brunwick, ME) and carbon made in both thalamus and cortex through the recording microelecfiber-loaded glass microiointophoresis/recording microelectrodes trodes. The animal was deeply anesthetized with pentobarbital so-(see Temereanca and Simons, 2003) . In some experiments, we dium (Nembutal, 100 mg/kg, i.v.) and perfused transcardially. The recorded multiple extracellular single units in thalamus using brain tissue was subsequently processed for cytochrome oxidase two quartz-insulated, platinum/tungsten microelectrodes custom-(CO) histochemistry with Nissl counterstain. For cortex, 60 m frozen ground to impedances of 6-12 M⍀ (Uwe Thomas Recordings, Giesserial sections were cut tangential to the pial surface, and sections sen, Germany). The two electrodes were positioned 100-150 m were used to identify electrode tracks and electrolytic marker leapart on the cortical surface and advanced into the brain indepensions. Individual barrels in layer IV, which were easily visualized dently using an Eckhorn microdrive system (Uwe Thomas Rein CO-stained sections, were used as landmarks for determining cordings). Spike waveforms were parsed online using an amplitude histologically the barrel-related column corresponding to the locathreshold and were saved on disk for more detailed offline analysis tion of the recording/iontophoresis microelectrode. along with inspection of spike waveforms, were used to verify that the same cells were studied throughout the recording session. Two of the barrels were filled with 5 mM BMI (Sigma Chemical) in 0.9% NaCl (pH 3.0) and had resistances of 2-12 MOhms. Negative For each recording location, the whisker that evoked the strongest unit response, as determined using an audio monitor and a glass retaining currents of 30-50 nA were used.
Data are reported only from experiments in which BMI application probe to deflect individual whiskers manually, was designated the principal whisker (PW); for cortical recordings/microiontophoresis, induced clear and reversible increases in cortical activity; failures occurred because of electrode breakage or clogging. MUA and LFPs the PW was subsequently confirmed anatomically by reference to the overlying layer IV barrel. Immediately neighboring whiskers recorded through the multibarrel microelectrode remained stable during application of retaining current, indicating that there was no in the same row or arc were designated adjacent whiskers (AW). In all experiments, cortical activity was monitored using LFPs and MUA significant leakage of the drug. Upon reversal of the current and ejection of BMI, clear effects in the cortex were observed within 5 activity. Thalamic activity (LFP/MUA or single-unit) was recorded in the homologous barreloid or/and in an immediately adjacent one, min (see Figure 1) . Preliminary experiments showed that effects of cortical BMI application were dose and time dependent. Longer usually corresponding to a whisker in the same horizontal row. Two types of experiments were conducted. In the majority of duration of BMI application and/or larger iontophoresis currents were associated with larger increases in both cortical and thalamic experiments, thalamic LFPs and MUA recordings were obtained first in the barreloid homologous to the barrel-related column in the responses (see Figures 1 and 3) . Unless otherwise specified, we used the smallest ejection currents needed to produce a measurable cortex, and the PW, which was common to both recording sites, was deflected. Subsequently, the thalamic recording electrode was thalamic effect and applied BMI for as little time as necessary to record data (10-15 min). Beginning with 5 nA, current injections were advanced into an adjacent (nonhomologous) barreloid, and the PW of that barreloid was stimulated. In a second set of experiments, increased in 5 nA steps until changes in thalamic activity occurred. If thalamic effects were not observed with the lower current, BMI single units were recorded simultaneously in two adjacent bar-
